Introduction
Due to advantages such as high efficiency, long lifetime, energysaving and reliability, light-emitting diodes (LEDs) have already been considered as the next generation solid-state light sources.
1,2 Particularly, the white LEDs (WLEDs) are the most competitive substitutes for the widely used incandescent lamps and uorescent lamps. [3] [4] [5] So far, the commercial LEDs are normally based on the blue-violet light-emitting InGaN/GaN chip with a color conversion layer. [6] [7] [8] Under the working conditions, the color conversion layer absorbs the blue light emitted by the InGaN/GaN chip and then produces different colors of light through uorescence. Therefore, the emission colors of LEDs are totally determined by the uorescent materials in the color conversion layer. Until now, rare earths are the most popular materials used in the color conversion layer. 8, 9 However, the limited supply and increasing price signicantly impede their future applicability. Quantum dots (QDs), owing to their unique shape-and size-dependent physicochemical characteristics, such as size-tunable optical properties, high photostability and photoluminescence quantum yield (PLQYs), wide absorption spectrum, superb resistance against photobleaching and narrow emission spectra, have been considered as the promising alternatives.
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Because of the nanosize effects, QDs have a strong tendency towards agglomeration upon their isolation from colloidal suspensions. This agglomeration is irreversible, which always leads to serious photoluminescence (PL) quenching and the red shi for both the optical absorption and emission. 13, 14 To be used in the color conversion layer, QDs are required in a solid powder format instead of the suspension colloidal format. Therefore, it is still a challenge to prepare the QD powders with the stable, intact PL properties. One strategy to solve this problem is introducing QDs into the dispersant media which can facilitate their uniform incorporation to enhance their stability and luminescence without aggregation. [15] [16] [17] [18] Montmorillonite (MMT), as a kind of low-cost, easily available, and most importantly, environmentally friendly material, has attracted more and more attention. 19, 20 By intercalating QDs into MMT, the QDs/MMT nanocomposites with various compositions are recently demonstrated. [21] [22] [23] [24] [25] [26] [27] Due to the stable chemical and PL properties, the QDs/MMT nanocomposites have been successfully used for enhanced latent ngerprint detection. 28 However, the utilization of QDs/MMT nanocomposites as the color conversion layer for LEDs has never been attempted.
In this paper, the CdTe QDs/MMT-Na + nanocomposites are used as the color convertors in commercial LEDs for the rst time. By introducing CdTe QDs with different sizes into MMTNa + clays through the electrostatic interaction, the uorescence colors of nanocomposites can be tunable from green to red. Different from the conventional reux growth, the CdTe QDs herein are synthesized through the N 2 H 4 -promoted strategy, which can efficiently protect the QDs from oxidation, leading to their improved PL stability. 29 Moreover, the freeze-drying instead of the precipitation pathway is employed for the separation of nanocomposites from solvent. Thus the aggregation induced by the centrifugation process can be avoided efficiently. Aer mixing with polydimethylsiloxane (PDMS), the CdTe QDs/MMT-Na + nanocomposites exhibit impressive potential in the eld of LEDs. at room temperature to maintain the growth of QDs. By changing the storage time, the PL emissions of QDs could be tunable from 520 to 690 nm, which were corresponding to the emission colors from green to red. For further characterization, the QD solutions were puried by centrifugation with the addition of 2-propanol.
Experimental

Preparation of MPA-stabilized CdTe QDs through reux method
Typically, MPA-modied CdTe precursors were prepared by injecting freshly prepared NaHTe aqueous solution into N 2 -saturated CdCl 2 solution at pH ¼ 9.5 in the presence of MPA.
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The concentration of the precursors was 5 mM with reference to the concentration of Cd 2+ , whereas the molar ratios of Cd 2+ / MPA/HTe were 1/2.0/0.2. The precursors were then subjected to a reux to promote the growth of CdTe QDs. 
Measurement of the absolute PLQYs of the nanocomposite powders
The absolute PLQYs of nanocomposite powders were measured on Edinburgh FLS920 (excited at 400 nm) equipped with an integrating sphere. Before the measurement, the instrument was calibrated by the quinine in 0.5 mol L À1 H 2 SO 4 aqueous solution. Then, the samples were placed on the sample holder in the integrating sphere for measuring their emission spectra. Finally, the PLQYs were calculated by the soware supplied by the manufacturer according to the previous paper.
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Fabrication of the nanocomposites
Briey, 1 g of MMT-Na + clays were rst suspended in 50 mL distilled water. Then magnetic stirring followed by the ultrasonic treatment were used to disperse the clays until them became the muddy colloidal suspension. In the next step, a certain amount of MPA-CdTe QDs synthesized by N 2 H 4 -promoted approach were added into the ask followed by an extra 30 min of ultrasonication. The resulting mixture was treated by liquid N 2 under continuous stirring until it became an icy solid. Then the solid was placed into the freeze dryer and kept overnight to dry before it turned into powder. The concentration of QDs in nanocomposites could be easily adjusted through varying the content of the added QDs. Other QDs-based nanocomposites were prepared through the similar procedure except using CdSe, CdS, and CdSe x Te 1Àx QDs.
Fabrication of LEDs from the nanocomposites
InGaN LED chips without phosphor coating were purchased from Shen Zhen Hongcai Electronics CO., LTD. The emission and operating voltage of the LED chips were centered at 450 nm and 3.0 V, respectively. In the fabrication of the color conversion layer, CdTe-MMT-Na + nanocomposites with different emission colors were foremost mixed under specic ratio and milled to the ne powder. Aerwards, the PDMS precursors were mixed with the nanocomposites at a ratio of 18 : 1 (w/w). The resulting mixture was vacuumized to remove the bubbles formed during mixing. Then, the mixture was loaded on the LED chips and thermally cured in a convection oven at 100 C for 4 h. Finally, the LEDs from CdTe-MMT-Na + nanocomposites were fabricated.
Characterization UV-vis absorption spectra were obtained using a Lambda 800 UV-vis spectrophotometer. PL spectroscopy was performed with a Shimadzu RF-5301 PC spectrophotometer. The excitation wavelength was 400 nm. Transmission electron microscopy (TEM) was conducted using a Hitachi H-800 electron microscope at an acceleration voltage of 200 kV with a CCD camera. Scanning electron microscope (SEM) image was taken with a JEOL FESEM 6700F electron microscope with primary electron energy of 3 kV. Energy dispersive spectrum (EDS) and mapping were conducted with Inca X-Max instruments made by Oxford Instruments. Fourier transform infrared (FTIR) spectra were performed with a Nicolet AVATAR 360 FTIR instrument. X-ray photoelectron spectroscopy (XPS) was investigated using a VG ESCALAB MKII spectrometer with a Mg KR excitation (1253.6 eV). Binding energy calibration was based on C 1s at 284.6 eV. Xray powder diffraction (XRD) investigation was carried out using Siemens D5005 diffractometer. The color of light was identied by the Commission Internationale de L'Eclairage (CIE) colorimetry system. Any color could be described by the chromaticity (x, y) coordinates on the CIE diagram. The absolute PLQYs of CdTe-MMT-Na + nanocomposites were measured on Edinburgh FLS920 (excited at 365 nm). The spectra of the LEDs were measured by combining a Spectrascan PR-650 spectrophotometer. The freeze dryer was produced by SCIENTZ.
Results and discussion
Negative-charged aqueous CdTe QDs are directly synthesized in the presence of N 2 H 4 . By changing the reaction time, the assynthesized QDs possess strong and controllable PL from 520 to 620 nm, corresponding to the emission colors from green to red (Fig. S1 †) .
29 Fig. S2 † shows the TEM image and XRD pattern of CdTe QDs, from which it can be seen that the as-synthesized QDs are cubic crystal structures, monodispersed spheres with the average diameter of 2.1 nm. 32 To fabricate QDs-based nanocomposites, the positive-charged MMT-Na + clays are selected as the host media. Fig. 1 schematically illustrates the fabrication process of the nanocomposites: CdTe QDs and MMT-Na + clays are incorporated together in an aqueous environment through the electrostatic interaction and then frozen to dry to remove water. Fig. 2 shows the PL photographs and PL spectra of the nanocomposite powders fabricated by mixing MMT-Na + clays and CdTe QDs with different sizes. Under 365 nm ultraviolet, the nanocomposite powders exhibit almost the same PL properties as those of original CdTe QDs, which indicates the CdTe QDs are retained intactly during the fabrication process (Table 1) . It is worth to mention that the current CdTe QDs are synthesized following the room-temperature N 2 H 4 -promoted strategy. Because of the great reducibility, N 2 H 4 can offer a protective surrounding to avoid the oxidation of QDs and their ligands, which leads to the higher PLQYs than those through the conventional thermal growth. 29 Furthermore, the QDs/MMT-Na + nanocomposite powders herein are prepared through freeze-drying instead of the precipitation pathway using 2-propanol, thus the possible aggregation induced by centrifugation can be avoided efficiently (Fig. S3 †) . Besides CdTe, other QDs such as CdS, CdSe, and CdSe x Te 1Àx can also be used for fabricating the nanocomposites. Fig. S4 † shows the optical and PL photographs of nanocomposite powders containing CdS, CdSe, and CdSe 0.25 Te 0.75 QDs respectively. The structure and composition of QDs/MMT-Na + nanocomposites are investigated. The SEM images in Fig. 3c and d clearly reveal that the nanocomposites are layered structures. Based on the EDS and XPS spectra, eleven kinds of elements including N, C, S, Cl, Cd, Te, Na, O, Mg, Al, and Si have been detected (Fig. 3a, b and S5 †). Among these elements, N, C, S, Cl, Cd and Te can be attributed to the CdTe QDs and their ligands. Na, O, Mg, and Al are assigned to the MMT-Na + clays. 19, 33 While the signal of Si mainly comes from the silicon wafer used as the substrate. By comparing the EDS mapping images and the corresponding SEM image, it can be seen that the CdTe QDs are uniformly incorporated with the MMT-Na + clays. The TEM image in Fig. 4a reveals the same result that the CdTe QDs are well-dispersed in nanocomposites without obvious aggregation. The FTIR characterization further conrms the incorporation between CdTe QDs and MMT-Na + clays. As shown in Fig. 4b (001), (100), (101), and (103) crystallographic facets of MMT-Na + clays (Fig. 4c) . 24, 28 Based on the Bragg's equation, the basal spacing of (001) in nanocomposites is calculated to be equal with that in raw MMT-Na + clays. This result indicates that the CdTe QDs are not intercalated into the layers but adhered on the surface of the MMT-Na + clays.
The PL stability of nanocomposites are studied. As shown in Fig. 5 , the PL peak positions of the nanocomposites remain the same, only slight decrease on the PLQYs can be observed aer storage for 55 days. In contrast, the PLQYs of QDs/MMT-Na + nanocomposites using QDs synthesized by conventional reux method decline dramatically (Fig. S6 †) . In addition, although the QDs/MMT-Na + nanocomposites are prepared in aqueous solution, their PL emissions are unaffected in organic solvent (Fig. S7 †) . The excellent PL stability of the QDs/MMT-Na + nanocomposites mainly comes from two factors. On one hand, the QDs are anchored on the surface of MMT-Na + clays through the electrostatic interaction. As the host media, the MMT-Na + clays can greatly prevent the aggregation of QDs. On the other hand, the QDs synthesized by current method are covered by N 2 H 4 , which could passivate QDs by saturating their surface dangling bonds. Because of the high PLQYs, photostability, solvent stability, and long-term stability, the as-prepared QDs/ MMT-Na + nanocomposites have been considered as the potential color conversion layer for LEDs. To fabricate color converters for LEDs, the QDs/MMT-Na + nanocomposites need to be mixed with PDMS precursor solutions, then deposited on commercially available 0.2 WInGaN LED chip, and cured in an oven at 100 C for 4 h. Notably, mixing with PDMS can further improve the PL stability of nanocomposites (Fig. 6) . Following the strategy above, LEDs with green, yellow, orange, and red emissions are fabricated (Fig. 7a, d, g and j) . Accordingly, their CIE chromaticity coordinates are (0.24, 0.46), (0.34, 0.38), (0.48, 0.34), and (0.51, 0.21) (Fig. 7c, f, i and l) . The correlated color temperature (CCT) of these LEDs are also measured, which are 8238, 5238, and 1860 K, respectively. As an advantage, the FWHM of all the LED emissions are narrower than 42 nm (Fig. 7b , e, h and k). To fabricate high performance WLEDs, the nanocomposites with red and green emissions at a certain ratio are mixed with PDMS precursor solutions and deposited on a blue LED chip. However, the direct blending of nanocomposites with different emission colors will lead to serious light reabsorption from green-emitting QDs to red-emitting ones, which can make the apparent emission of the nal LED uncontrollable. To overcome this limitation, a sequential deposition of two nanocomposites with 645 and 545 nm emission on InGaN chip are performed. That is to say, the red-emitting nanocomposites are rstly excited by InGaN chip, and then green-emitting ones. Therefore, the light reabsorption is efficiently avoided. The emission spectrum of the resulting WLED is shown in Fig. 8b . The CIE color coordinate of the WLED is located at (0.31, 0.31), which is very close to the white light region (0.33, 0.33) (Fig. 8c) . The corresponding color rendering index (CRI) and CCT of the WLED are 74 and 6845 K, respectively. Aer continuous working for 24 hours, the CIE color coordinate of the WLED remain the same, which strongly indicates that the WLED possesses the great operational stability (Fig. S8 †) .
Conclusions
In summary, the CdTe QDs/MMT-Na + nanocomposites are used as the color convertors in commercial LEDs for the rst time. By introducing CdTe QDs with different sizes into MMT-Na + clays through the electrostatic interactions, the uorescence colors of nanocomposites can be tunable from green to red. Different from the conventional reux growth, the CdTe QDs herein are synthesized through the N 2 H 4 -promoted strategy, which can efficiently protect the QDs from oxidation, leading to their improved PL stability. Moreover, the freeze drying instead of the precipitation pathway is employed for the separation of nanocomposites from solvent. Thus the aggregation induced by the centrifugation process can be avoided efficiently. Aer mixing with PDMS, the CdTe QDs/MMT-Na + nanocomposites exhibit impressive potential in the eld of LEDs. LEDs with different emissions are prepared, and WLEDs with color coordinates of (0.31, 0.31) and the CRI of 74 are fabricated, which could potentially be adopted as the display.
